Meiotic silencing of unsynapsed chromatin (MSUC) is a key mechanism in spermatogenesis and a model system to study the dynamics of gene silencing. Here we show that MAEL, the ortholog of Drosophila's high mobility group box protein Maelstrom, is associated not only with the silenced XY body, but also with unsynapsed autosomes. Characterization of MAEL revealed that it interacts directly with the chromatin remodeler SNF5/INI1 and chromatin-associated protein SIN3B, which we also find localized to the XY body. This is the first time that a chromatin remodeler has been shown to associate with whole chromosomes. In addition, we show that MAEL is a component of the mouse meiotic nuage and its haploid cell counterpart, the chromatoid body. This is a site of accumulation of RNA and RNA processing enzymes, including proteins involved in the microRNA (miRNA) pathway. Furthermore, in the nuage, MAEL is present in a complex with germ cell specific MVH, an RNA helicase and Argonaute family members, MILI and MIWI. The presence of MAEL in these critical compartments of male germ cells and its interactions provide a link suggesting the involvement of the miRNA pathway in MSUC.
INTRODUCTION
Meiotic sex chromosome inactivation (MSCI) is a mechanism that achieves transcriptional silencing of the X and Y chromosomes during meiosis. This is reflected in the condensation of the gonosomes to form the XY body, the drastic reduction of transcription of X-and Y-linked genes and the exclusion of RNA polymerase II from their territory (1-6). Germ cell specific autosomal versions of several genes located on the X chromosome are activated during this period, thus circumventing the problem that would arise from their silencing (6) (7) (8) (9) . Besides down-regulation of genes in the gonosomes, other marks of gene silencing, such as underacetylation and hyperdimethylation of lysine 9 on histone H3 (H3-K9), have also been shown in the XY body, specifically in late pachytene (10) . Because of the scale at which gene silencing occurs in the XY chromosome pair, this makes it an excellent model to study the sequence of events of the factors involved in the process.
Several proteins have been reported to localize or to be enriched in the XY body, including XMR, BRCA1, ATR and other modified form of histones such as ubiquitinated H2A and phosphorylated H2AX (gH2AX) (11 -14) . However, despite this knowledge, the biological role of MSCI is still only hypothesized. Originally, it was believed that inactivation of the sex chromosomes would be silencing genes that would be detrimental for male meiosis (15) , but no evidence for this has ever been obtained. Another hypothesis proposed that silencing of the X and Y chromosomes is a mechanism of camouflaging the unpaired regions of the X and the Y in the XY body, preventing them from activating the pachytene checkpoint that would be monitoring pairing of autosomal homologous chromosomes (16) . A third possibility suggested that heterochromatinization of the gonosomes may help them to achieve synapsis between the pseudo-autosomal regions during early pachytene (17) . More recently, association of BRCA1, ATR and gH2AX was described not only # The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org with the XY body but also with the unsynapsed autosomes (18) . This indicates that a broader mechanism of meiotic silencing of unsynapsed chromatin (MSUC) could be occurring. Through MSUC, asynapsis could be inducing meiotic arrest by silencing genes essential to progression of meiosis (18) . This has parallels with the meiotic silencing by unpaired DNA (MSUD) found in Neurospora crassa in which unpaired DNA induces silencing of all homologous sequences during meiosis (19) . In the case of Neurospora, mutations suppressing this mechanism have been related to a gene encoding a putative RNA-dependent RNA polymerase sad-1 and an Argonaute-like protein Sms-2 (19 -21) . Importantly, genes required for RNA interference (RNAi) and isolated from different organisms include an RNA-dependent RNApolymerase and several members of the Argonaute gene family (22, 23) .
The RNAi pathway component Dicer and Argonaute family member MIWI have recently been localized to the chromatoid body of haploid cells, as have microRNAs (miRNAs), which are generated by this pathway (24) . The chromatoid body is a perinuclear granule present in round spermatids and is a putative analog of the Drosophila nuage structure (25) . The analogy is based in part on the presence of mouse Vasa homolog (MVH) in the chromatoid body and Vasa in the nuage (26 -28) . Perinuclear granules are already observed earlier in meiosis and represent a form of mammalian nuage (25) . The chromatoid body is highly mobile and it has been suggested to accumulate mRNAs by moving around the nuclear envelope and associating with nuclear pores (29) . It also transits through the intracellular bridges between spermatids and could play a role in ensuring a uniform mRNA population in the cytoplasm of these haploid cells (30) . Other components of the chromatoid body include Tudor domain containing protein TDRD1, snRNPs and hnRNPs (31 -33) .
Here, we describe the characterization of mouse MAELSTROM (MAEL), a novel protein that was identified in a microarray-based approach to search for novel genes expressed in meiosis (34) . MAEL localizes to the nuage/ chromatoid body and to unsynapsed chromosomes in the spermatocyte nucleus. This includes the X and Y chromosomes and unsynapsed autosomes. In addition, we demonstrate that it interacts with chromatin remodeler SNF5 (also known as INI1) and chromatin-associated protein SIN3B, which we found to be enriched in the XY body. This is the first time that these proteins have been shown to associate with whole chromosome territories rather than gene promoters in particular. Moreover, MAEL interacts with the putative miRNA pathway components MVH and Argonaute family members MILI and MIWI. These results, coupled with the observation that in Drosophila Maelstrom shuttles between the nucleus and the cytoplasm (35) , suggests a link between RNAi and MSUC.
RESULTS

Identification of mouse Maelstrom ortholog
We identified the mouse Maelstrom ortholog (Mael ) in a microarray-based expression profiling of the first wave of mouse spermatogenesis. Wild-type and Dazl hgutm1/hgutm1 mice testis gene expression was compared using a cDNA microarray prepared from a normalized and subtracted testis library (34, 36) . Outbred Dazl hgutm1/hgutm1 mice are infertile with cells not progressing beyond the leptotene stage of meiosis (37) . Genes that showed increasing levels of expression during testis development at days 7 and 11 postpartum in the wild-type but not in the Dazl hgutm1/hgutm1 mutant were selected and from these, those frequently represented as testis-expressed sequence tags (ESTs) in database searches and of unassigned function were further selected. Mael (GenBank accession no. 29748050) belonged to this subset of genes.
When a multiple tissue northern blot was hybridized with a Mael cDNA probe, only one transcript of 1.7 kb was detected in testis (Fig. 1A) . When more detailed analysis of gene expression was performed by RNA in situ hybridization, we found that Mael mRNA was present in spermatocytes and round and early elongating spermatids (Fig. 1B -E) .
Mael cDNA encodes a 434 amino acid protein with an estimated molecular mass of 49 kDa. The protein is predicted to be globular, with a high mobility group (HMG) box domain between amino acids 3 and 64 (Supplementary Material, Fig. S1 ). One or two novel globular domains were also predicted between amino acids 114 and 349, based on ortholog sequences alignment. Putative orthologs were identified by reciprocal BLAST searches in mammals, chicken, frog, sea squirt and mosquito (Supplementary Material, Fig. S1 ). Reciprocal BLAST searches also found the mouse protein to be the ortholog of a protein described in Drosophila named Maelstrom (35) . The N-terminal HMG box domain is not the most conserved region. Conservation is higher in the sequence corresponding to the novel globular domain(s). The presence of an HMG box domain suggested that the MAEL protein could have a nucleic acid binding function.
MAELSTROM is a component of the XY body and the chromatoid body
To assess the protein distribution, we raised antibodies in rabbit and chicken against the C-terminal 14 amino acids. Both antibodies recognized a protein of 53 kDa and an additional protein of 68 kDa on western blots, with signals being competed by the immunizing peptide (data not shown). When testis sections were incubated with anti-MAEL antibody, staining was found in the nucleus of spermatocytes and cytoplasm of spermatocytes and round and early elongating spermatids (Supplementary Material, Fig. S2A , C and D). The staining in the nucleus of pachytene spermatocytes showed a distinct structural and temporal pattern. As the pachytene stage progressed through meiosis, a specific round shaped region of the nucleus located at the periphery showed increasing staining for MAEL, which could be observed from stage V of the seminiferous epithelial cycle (Supplementary Material, Fig. S2C ). This structure seemed likely to be the XY body (also named sex body), which contains the transcriptionally silenced X and Y chromosomes during meiosis. Cytoplasmic aggregates, especially visible in round spermatids as one dark staining focus close to the nuclear envelope could also be detected (Supplementary Material, Fig. S2D ). It was possible that these cytoplasmic foci were chromatoid bodies. To confirm the presence of MAEL in the sex body and the chromatoid body, co-localization with XMR and MVH was performed by immunofluorescence of testis sections. XMR is a marker of the sex body, whereas MVH is a known component of the chromatoid body (12, 28) . As shown in Figure 2A , MAEL co-localizes with XMR in the sex body from mid-pachytene (stage V) onwards. At late pachytene (stage X), however, XMR appears to localize only to part of the region stained by anti-MAEL antibody (Fig. 2B ). Staging has been determined according to Russell (38) . Localization to the chromatoid body was also confirmed by simultaneous incubation with anti-MVH antibody (Fig. 2C) . These results corroborated the RNA in situ hybridization pattern, showing that Mael mRNA and protein are present in the same cell types in the testis. Considering that in Drosophila Mael is present in the nucleus and cytoplasm of germline cells, but especially in the nuage, and that Maelstrom mutants fail to form the karyosome (a heterochromatic structure) during meiosis (35) , it is plausible that Mael could have a role in meiotic chromatin condensation, which is associated with heterochromatin formation. Localization of MAEL to the XY body in mouse supports this hypothesis. We also assessed the presence of MAEL during embryonic gonad development. Immunofluorescence of embryonic gonads of both male and female showed that MAELSTROM protein is expressed from day 12.5 postcoitum (pc), although at this stage, protein levels are low (Supplementary Material, 
MAELSTROM interacts with components of chromatin remodeling complexes and the chromatoid body
To get a better insight into the function of MAEL in the sex and chromatoid bodies, a yeast two-hybrid screen was performed using the full-length sequence of MAELSTROM as bait and a pre-transformed mouse testis library providing the prey (39) . Consistent with a role of MAEL in MSCI, we identified SIN3B and SNF5 as interacting proteins. Sin3B is one of two mouse homologs of the Sin3 yeast gene. These represented 3.3 and 7%, respectively, of clones sequenced. SIN3B together with HDAC1 and HDAC2 is part of a co-repressor complex called the Sin3/HDAC complex that also includes RbAp46, RbAp48, SAP30 and SAP18 (40) . SIN3B is thought to act as a scaffolding protein by recruiting a range of different proteins such as HDACs and interacting with DNA-binding proteins such as transcription factors. SNF5 is an integral member of all mammalian SWI/SNF complexes (41) and has been shown, together with other components of chromatin remodeling complexes, to interact with the Sin3/HDAC complex (42, 43) . Other potential interacting proteins detected in this screen were RanBPM (43%) and Trap/TDRD7 (1.6%). RanBPM has been reported to localize to the chromatoid body and to interact with MVH, and Trap/ TDRD7 contains tudor domains which have previously been found in proteins of the chromatoid body (44, 45) . To confirm some of these two hybrid interactions, we have used anti-MAEL antibodies and testis extracts from adult mice in co-immunoprecipitation experiments. These experiments confirmed the interaction between MAEL and chromatinassociated proteins SIN3B and SNF5 (Fig. 3) . This is likely to be a direct interaction, given their association in the yeast two-hybrid system. Additionally known components of the chromatoid body, TDRD1 (a Tudor repeat containing protein), MVH and MIWI, were also shown to be partners of MAEL. MILI, another Argonaute family member, which is only expressed until pachytene stage and localizes to perinuclear particles in these cells (46) is another partner of MAEL (Fig. 3) . Together, these results confirm the interaction data obtained from the yeast two-hybrid system and conclusively demonstrates that MAEL interacts with two distinct groups of proteins: chromatin remodelers and associated proteins in one hand and RNA metabolism/RNAi pathway components on the other.
SIN3B and SNF5 also localize to the sex body
As MAEL has two distinct locations in the cell, the localization of interacting proteins could be confined to one or other site or be present at both sites. Published information for MVH, TDRD1, MIWI and MILI suggests that these proteins form a complex with MAEL only in the meiotic nuage and chromatoid body, as they do not localize to the sex body. SIN3B and SNF5 have not been reported to date in either chromatoid body or sex body. Simultaneous labeling with antibodies directed against XMR and SIN3B showed that this protein was detected in the sex body (Fig. 4A) . Immunohistochemistry using precipitative staining detection determined that SIN3B is present in the XY body from at least stage III (data not shown). Co-immunostaining for XMR and SNF5 showed that the latter also localizes to the sex body, although later than SIN3B. SNF5 is detected throughout this structure from stage VIII (Fig. 4B) , and from stage IX, it coats the sex body ( Fig. 4C and Supplementary movie 1). Besides localizing to the sex body, SIN3B and SNF5 were also prominent in the nucleus of Sertoli cells. We also analyzed the location of these proteins during gonad development. SNF5 is present in the nucleus of both somatic and germ cells in male and female gonads at all time points studied (Supplementary Material, Fig. S4 ). SIN3B, in males, is present in the nucleus of pre-Sertoli cells (but not other testis somatic cell types) and in the cytoplasm of germ cells, from at least day 12.5 pc until day 18.5 pc (Supplementary Material, Fig. S5A -C) . This is an unexpected localization, as SIN3B is a chromatin-associated protein. This is also the case in females as staining, although only found on germ cells, remains cytoplasmic until the onset of the pachytene stage of meiosis, when it becomes nuclear (Supplementary Material, Fig. S5D -F) . Overall, SIN3B and SNF5 appear to concentrate in the nucleus or a compartment of the nucleus of germ cells during the pachytene stage of meiosis.
Other members of chromatin remodeling complexes are excluded from the sex body SNF5 is an integral member of chromatin remodeling complexes. Other proteins that associate with SNF5 in these complexes in tissue culture systems include BRM, BRG1, BAF155, BAF60 and BAF57, among others (47) . Other proteins that have also been shown to associate with remodeling complexes are BRCA1 and protein arginine methyl transferase PRMT5 (42, 48) . BRCA1 is a known component of the sex body, so we decided to determine the localization of other partners of SNF5 in an attempt to increase our knowledge of other putative partners of MAEL in the sex body. Of the above mentioned, we determined the localization of BRG1, BAF155 and PRMT5, but contrary to our expectations, none of the proteins was enriched in the XY body. Except for DAPI dense regions, they were diffusely distributed in pachytene spermatocyte nuclei until stage VII -VIII but started being excluded from the XY body from then on (data not shown). By late pachytene and diplotene stages, the exclusion of BRG1, BAF155 and PRMT5 is maximal showing that these proteins are probably not involved in processes in the XY body (Fig. 5) . This further suggests that the composition of the complex involved in silencing of the gonosomes is different from the complex involved in silencing of specific genes.
MAEL and SIN3B are present in unsynapsed autosomes
Turner et al. (18) have recently shown that proteins localizing to the sex body, namely BRCA1, ATR and gH2AX, are also present in other unsynapsed regions of the nucleus, having a general role in the silencing of unsynapsed chromosomes during meiosis (MSUC). This was an important finding and prompted us to test whether the presence of MAEL and interactors was specific to the sex body or whether they are present on unsynapsed regions in general. To do this, we localized MAEL and SIN3B in testis sections of the mice carrying a translocation between chromosomes X and 162T(X;16) (49). Ideally, meiotic spread preparations are used for these analyses. They have the advantage of displaying all the chromosomes in a single plane. As our anti-MAEL antibody is inefficient in detecting MAEL in spread preparations, we have used testis sections and deconvolution microscopy to produce images which are 2D sections of 3D objects (cells in paraffin sections). The resulting images (Fig. 6 ) only display part of the 3D chromosome territory, as they represent a single optical section. In T(X;16) mice, cells that do not achieve full synapsis of chromosome 16 have BRCA1, ATR and gH2AX staining in the unsynapsed regions (18) . On the contrary, cells that achieve full synapsis of the autosome do not display staining for these proteins outside the gonosome territory. This is also the case for MAEL and SIN3B. Analysis of single optical sections for the presence or absence of co-localization between MAEL or SIN3B and chromosome territories across pachytene stage spermatocytes in T(X;16) testis sections revealed that when full synapsis of chromosome 16 is achieved, MAEL and SIN3B are present only in the X and Y chromosomes (Fig. 6B and E) . This represents the majority of the cells, as had previously been reported for BRCA1, ATR and gH2AX. In cells in which chromosome 16 fully synapses and part of the X chromosome engages in autosynapsis, this part of the X chromosome is also negative for both MAEL and SIN3B staining (Fig. 6C and F) . In the cases when chromosome 16 cannot fully synapse, the two proteins are present not only in the XY body but also in the unsynapsed region of the autosome (Fig. 6D and G) . These results suggest that MAEL and SIN3B are involved in the silencing of unsynapsed chromatin in general rather than the sex chromatin specifically.
DISCUSSION
MAELSTROM is a component of the murine nuage and interacts with putative miRNA pathway components
In Drosophila, Maelstrom is a component of the nuage, visualized as perinuclear granules of electron dense material. Comparable structures are widely found in the animal kingdom, with Vasa, a DEAD box RNA helicase, as common hallmark (26 -28) . In mammals, the nuage structures are not found until primordial germ cells are committed to the germline and are more prominent in meiotic spermatocytes and round spermatids (25, 50) . Besides MVH, miRNAs and other proteins involved in RNA metabolism have also been identified in the chromatoid body. These include ribonucleoproteins and recently miRNA pathway components Dicer and Argonaute family members Ago2, 3 and the germ cell specific argonaute protein MIWI (24, 31, 33) . Argonaute proteins and miRNAs are also present in P-bodies, and components of the P-body Dcp1a, GW182 and Xrn1 are present in the chromatoid body (24,51 -53) . One view of P-bodies suggests that these are the sites of coupled RNA silencing and degradation and the sharing of components with the chromatoid body imply sharing of functions. Kotaja et al. (24) . hypothesize that the chromatoid body through its movements around the nucleus collects miRNA precursors and mRNA for further distribution. The movement of chromatoid bodies through the cytoplasm of intracellular bridges connecting haploid spermatids supports a role in RNA transport (30) . In this context, it seems plausible that MAEL has a role in the miRNA-mediated gene expression regulation. MAEL is in the same complex with MVH, which in turn interacts directly with Dicer (24) . It also interacts with MIWI, whose human homolog HIWI is another partner of Dicer (54) . Furthermore, in Drosophila, the localization of Maelstrom in nuage is dependent on Vasa, Aubergine and Spindle-E and is, in turn, required for localization of Dicer and Argonaute2, the last four genes being components of miRNA/RNAi processing pathways (35) . The exact role of MAEL, however, has not been determined, but its localization to unsynapsed chromosomes suggests a mechanism.
MAEL and SIN3B are associated with silenced unpaired chromatin
In mouse, MSUC has been described as a process which involves not only the gonosomes but any unpaired segment of the genome. Through a process in which BRCA1 recruits ATR, histone H2AX is phosphorylated on the unpaired chromatin and RNA polymerase II excluded (18) . MAEL accumulates in the XY body from mid-pachytene onwards. It also accumulates in unsynapsed regions of autosomes, as we show in spermatocytes of T(16;X) mice. This distribution mimics that of BRCA1 and ATR suggesting but not proving a role for MAEL in MSUC. Interactions between MAEL and other proteins suggest possible mechanisms at work. MAEL interacts directly with SIN3B, which also accumulates in unsynapsed regions of chromatin. This is a protein without DNA-binding properties that acts in a co-repressor complex by associating with proteins involved in gene silencing (40) . These include HDACs. Deacetylation is one of the first marks of gene silencing detected in chromatin being repressed. MAEL also interacts with SNF5, a member of chromatin remodeling complexes. These complexes are thought to use the energy of ATP hydrolysis to alter nucleosome structure (55 -57) . Both SIN3B and SNF5 localize to the sex body, although their timing varies. The first to localize to the XY body is SIN3B at stage III, followed by MAEL at stage V and then finally SNF5 at stage VIII. Given this sequence and the interactions, we hypothesize that SIN3B recruits MAEL to the sex body, which in turn recruits SNF5. SIN3B and SNF5 have been shown to be involved in the silencing of specific genes (58 -61), but this is the first time they are found associated with whole silenced chromosome territories. In our hypothesis, SIN3B could be effecting its silencing activity in a traditional way, by recruiting HDACs, which will deacetylate chromatin. SNF5 could be acting through its chromatin remodeling activity in the whole gonosomes. However, because SNF5 is mainly concentrated at the periphery of the sex body in later stages of meiosis, appearing to coat it, it could be defining a physical compartment in the nucleus. The composition of the complex that localizes to the sex body is not canonical, as it excludes other common members of chromatin remodeling complexes, such as BRG1, BAF155 and PRMT5. A role of MAEL in chromatin silencing also finds parallels in Drosophila, as Maelstrom mutant oocytes fail to form the karyosome and instead DNA forms variably distended loops and threads (35) .
A putative link between MSUC and RNAi?
MSUC in mouse evokes the mechanism that occurs in N. crassa termed MSUD. The latter has been associated with proteins potentially involved in RNAi (19 -21) . RNAmediated silencing has been demonstrated in several systems. In mammalian cultured somatic cells, localization to pericentromeric chromatin of methylated H3-K9 and HP1, which are marks of silent chromatin and are enriched in the XY body, is abolished by RNase treatment (62) . De-repression of centromeric heterochromatin was also demonstrated in Dicer-deficient cells (63) . Furthermore, promoter-directed siRNA has been reported to induce gene silencing mediated by DNA and H3-K9 methylation in human cells (64, 65) . In fission yeast, formation and maintenance of heterochromatin is dependent upon functional RNAi machinery, namely argonaute, dicer and RNA-dependent RNA polymerase (66) . Although we have not demonstrated a definitive association between MSUC and the RNAi pathway, we hypothesize that MAEL could be the link that connects them. Research in miRNA biology has uncovered an increasing number of these short RNAs and has produced tissue profiles for them. The testis alone has been shown to contain several (67) . miRNAs have recently been demonstrated to accumulate in the chromatoid body. Even more recently, a novel class of germ cell specific small RNA molecules has been found, termed piRNAs, which also interact with MILI and MIWI (68, 69) . Taking into account that in Drosophila, Mael is known to shuttle between the nucleus and cytoplasm (35), we speculate that in mouse, MAEL may be transporting miRNAs between the nucleus and the nuage. This could be happening either from the nucleus to the nuage, where premiRNAs will be processed by Dicer and the Argonaute family proteins, or from the nuage to the nucleus after the processing or may be both. These hypotheses could imply a role for miRNAs in silencing of unsynapsed chromatin that would relate to RNA-mediated silencing mechanisms in Neurospora during meiosis, heterochromatin formation and maintenance in fission yeast and mammalian cells, and X-inactivation (19 -21,62,66,70,71) . miRNA association with the XY body remains to be demonstrated, but the accumulation of RNA in this domain of silenced chromatin has been described (72) . Taking our data and the available literature together, we propose that MAEL could be the link between MSUC and the miRNA pathways.
MATERIALS AND METHODS
Animal tissue
C57Bl/6 mice were euthanized and immediately dissected to retrieve the testes. For fetal and embryonic material, development was timed from the first observation of a vaginal plug which was taken as day 0.5. T(X;16) mice are maintained on a mixed C129/C3H background.
Northern blots
A multiple tissue mouse northern blot (Ambion) was hybridized sequentially with cDNA probes for Mael and S26 (loading control) (73) . Probes were labeled using the Strip-EZ DNA kit (Ambion) and hybridized with ULTRAhyb hybridization buffer (Ambion) according to manufacturer's recommendations. Signals were detected by fluorography.
RNA in situ hybridization
Paraffin sections (8 mm thick) of PFA-fixed 8-week-old mouse testis were hybridized with anti-sense and sense digoxigenin Removal of unincorporated NTPs, enzymes and buffer components of the labeling reaction was performed using a MEGAclear kit (Ambion). Immunohistochemical detection of DIG-labeled RNA was carried out with alkaline phosphatase-conjugated anti-DIG antibody (Roche) and an alkaline phosphatase substrate kit (BCIP/NBT) (Vector Laboratories). Counter-staining was performed with Nuclear fast red. Colorimetric signal was visualized as described below.
Antibodies generation
Antibodies were raised in rabbit and chicken using a synthetic peptide, derived from the MAEL sequence, coupled to keyhole limpet hemocyanin. The peptide used was 421 TPQKDGYKPFSSFS 434 . Antibodies were purified by affinity purification to this peptide immobilized on Sulpholink (Pierce) columns.
Immunohistochemistry
For indirect immunohistochemistry, paraffin sections (8 mm thick) of PFA-fixed 8-week-old mouse testis were incubated in 9% H 2 O 2 in methanol for 30 min, and antigen retrieved by microwave treatment in 10 mM sodium citrate (pH 6.0). Sections were blocked in 20% horse serum in TBS and probed with a rabbit anti-MAEL antibody (1:300 in blocking solution). The signal was revealed using a biotin-conjugated goat anti-rabbit IgG (1:300) (DakoCytomation), followed by StreptAB complex conjugated to horseradish peroxidase and a peroxidase substrate kit (DAB) (DakoCytomation). Sections were counter-stained with hematoxilin and mounted in DPX permanent medium (BDH). For fluorescent immunohistochemistry, antigens were retrieved and sections blocked in 5% goat serum, 3% BSA in PBS -0.1% Tween. Sections were then incubated with primary antibodies and detected with secondary antibodies (Molecular Probes), both diluted in blocking solution. Slides were mounted in Vectashield mounting medium (Vector Laboratories) containing DAPI (100 ng/ml). Primary antibodies used for immunofluorescence: rabbit anti-MAEL (1:300); anti-XMR (1:500) (12); anti-MVH (1:5000) (28); anti-SIN3B (1:100) (AK12, Santa Cruz) (74); anti-SNF5 (1:100) (75); anti-BAF155 (1:100) (47); anti-PRMT5 (1:100) (Upstate) (76); anti-GCNA (1:10) (77); anti-OCT4 (1:100) (C10, Santa Cruz) (78) . Secondary antibodies (goat anti-rabbit conjugated to Alexa 488 or Alexa 594, goat anti-IgG1 conjugated to Alexa 594, goat anti-rat conjugated to Alexa 488) were purchased from Molecular Probes and used at a concentration of 1:1000. Slides were visualized using a Zeiss Axioplan 2 microscope (Carl Zeiss) equipped with Ludl filter wheel (Ludl Electronic Products) and Chroma 83000 triple bandpass filter set (Chroma Technology Corp.). Brightfield microscopy was also performed on this microscope. The objectives used were Plan-Neofluar (Carl Zeiss Ltd) of the following magnifications and numerical aperture: 100Â/1.30 NA, 63Â/1.25 NA, 40Â/1.30 NA, 20Â/0.50 NA, 10Â/0.30 NA. Gray-scale images were collected with a Coolsnap HQ cooled CCD camera (Roper Scientific). In-house scripts written for IPLab (Scanalytics Corp.) were employed for image capture. 3D imaging was performed using a Deltavision RT image restoration microscope system (Applied Precision-Deltavision). This was composed of an Olympus IX71 inverted microscope with Plan Apochromat 60Â/1.4 NA Oil objective and equipped with a standard Deltavision filter set, a nanomotion stage (Applied Precision), a Coolsnap HQ CCD camera (Roper Scientific) and a 100 W mercury source. Image acquisition and deconvolution was carried out using SoftWoRx Explorer suite (Applied Precision).
Immunofluorescent in situ hybridization (ImmunoFISH)
Fluorescent immunohistochemistry was performed as described earlier followed by FISH. The FISH protocol has been described elsewhere (79) . Whole chromosome 16 and X paints were used either FITC-or biotin-labeled, respectively (Cambio). Signal amplification of biotinylated X paint was performed with streptavidin conjugated to Alexa 647 (1:1000) and biotinylated anti-avidin (1:500) (Vector Laboratories). Thirty-three Z-sections were aquired for each selected field with 0.25 mm steps in a Zeiss Axiovert 200 microscope with Plan-Apochromat 100Â/1.40 Oil objective (Carl Zeiss Ltd). The microscope was equipped with a Chroma 86000 Sedat Quad Set filter set (Chroma Technology Corp.), a Lambda LS lamphouse ozone free 300 W lamp (Sutter Inc) and a PZ2000 Motorized Stage (Applied Scientific Instrumentation). Gray-scale images were collected with a Coolsnap HQ cooled CCD camera (Roper Scientific) using IPLab software (Scanalytics Corp.). Each Z-section was individually analyzed for the presence or absence of co-localization between protein and chromosome territories.
Two-hybrid screening
A Matchmaker Two-Hybrid System 3 (Clontech) testis library was screened according to manufacturer's instructions with full-length Mael coding sequence cloned into the pGBKT7 vector (Clontech). The calculated number of plasmids screened was 8 Â 10 7 . Verified interacting plasmids were sequenced using standard techniques.
Co-immunoprecipitation
Co-imunoprecipitation was performed using chicken anti-MAEL antibody and PrecipHen agarose (Aves Labs) according to manufacturer's instructions. Briefly, protein extracts were prepared by homogenizing adult mouse testes in 10 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 1% iodoacetamide, 1 mM PMSF with Complete protease inhibitor (Roche). After sonication and centrifugation, lysates were incubated with PrecipHen agarose and centrifuged at 10 000g for 10 min. Five micrograms of chicken anti-MAEL antibody was added to 1 mg of extract and incubated overnight at 48C. Twenty microliters 
